The prognostic role of persistence of circulating tumor cells (CTC) after upfront tumor surgery for outcome of adjuvant (chemo)radiation in locally advanced squamous cell carcinoma of the head and neck (LASCCHN) was evaluated.
introduction
Even in the more advanced setting, surgery remains a desired treatment of squamous cell carcinomas of the head and neck region (SCCHN) if at least a marginal resection is feasible. The pathologic stage of the primary tumor, extracapsular lymph node extension (ECE) and macro-and microscopically involved surgical margins have been established as major determinants of the relapse risk after tumor resection. Current guidelines implement these factors to identify patients who should benefit from adjuvant treatment. Despite the risk-adjusted multimodal treatment of resectable locally advanced squamous cell carcinoma of the head and neck (LASCCHN), mean 3-year locoregional recurrence rates still exceed 30%. Poor tumor control is mainly observed in non-human papillomavirus (HPV)-associated carcinomas for which 3-year recurrence rates up to 60% have been reported whereas relapse rates of <20% are observed in HPV-driven carcinomas [1] .
Early dissemination of tumor cells into blood has been established as important risk factor for tumor progression in most epithelial tumors including breast [2] , colorectal [3] and prostate cancer [4] . As suggested by studies from our and other groups, circulating tumor cell (CTC) might be an independent prognostic marker in SCCHN as well [5] [6] [7] [8] [9] . However, their value in the postoperative setting for risk stratification and optimal choice of adjuvant treatment remains largely undetermined. The primary aim of this prospective study was therefore to establish the prognostic role of CTC in nonmetastatic LASCCHN treated with intended curative surgery, followed by adjuvant (chemo)radiation. As secondary end points, potential differences in the prognostic value of CTC in oropharyngeal carcinomas (OPC) versus non-OPC as models for HPV-driven versus non-HPV-associated carcinomas, respectively, and the interaction with pathological risk factors were determined.
material and methods patients
This study was approved by the local ethics committee. After informed patient consent, consecutive patients with histologically confirmed locally advanced, UICC stage III, IVA or IVB SCCHN of the oropharynx, oral cavity, larynx, hypopharynx or CUP were included in this study. All patients had undergone complete surgical procedure and presented at our clinical department for adjuvant (chemo)radiation between January 2010 and December 2012. Patient characteristics are shown in supplementary  Table S1 , available at Annals of Oncology online.
treatment modality
Adjuvant radiotherapy was delivered by means of intensity-modulated radiation therapy (n = 86) or volumetric modulated arc therapy (n = 58). According to the institutional standards, the prescribed doses were 56 Gy for intermediate-risk and 64 Gy for high-risk patients, respectively, which were applied at the gross tumor volume and high-risk areas as a concomitant integrated boost technique within 6 weeks. Depending on clinical and pathological risk factors, patients received radiotherapy alone or combined with chemotherapy which was given on days 1-5 and 29-33 and consisted of cisplatin (20 mg/m 2 /day), with or without 5-fluorouracil (600 mg/m 2 /day). Follow-up visits for assessment of treatment outcome were scheduled every 3 months after the completion of radiotherapy for the first 2 years followed by every 6 months thereafter.
detection of CTC by nested RT-PCR of EGFR mRNA
Processing of blood samples was carried out as described previously [7] . For the supplementary CTC detection protocol, available at Annals of Oncology online see in detail. PCR reactions were carried out in triplicates and samples were assigned as CTC+ if at least two of the triplicates were positive for EGFR transcripts.
p16 immunohistochemistry
For detection of p16 by immunohistochemistry the CINtec®-p16 kit (Roche mtm laboratories AG, Heidelberg, Germany) was used according to the manufactureŕs instructions. Reactions were carried out on a Ventana Benchmark XT slide stainer (Ventana, Roche Diagnostics, Mannheim, Germany). Sections were considered positive when >70% of carcinoma cells showed strong, diffuse cytoplasmic and/or nuclear staining [10] .
statistical methods
Categorial variables were analyzed with the Fisher's exact test. The influence of CTC detection on overall survival (OS), in which failure was defined as death due to any cause, and disease-free survival (DFS), in which failure was defined as local, regional or distant progression was determined. Event times were measured from the date of diagnosis (OS) or the date of start of adjuvant treatment (DFS) to the date of event occurrence, censored by the competing event occurrence or the last follow-up. OS and DFS curves were estimated by the Kaplan-Meier method and compared between groups with the log-rank test. Interactions between risk parameters and survival end points were evaluated using Cox models. Statistical analyses were carried out using the SPSS Statistics software (version 18.0.0, IBM, Armonk, NY). The level of significance was set at P < 0.05. results frequency of CTC in operable LASCCH after intended curative tumor surgery Blood samples from 144 SCCHN patients were analyzed for CTC. Mean time between tumor surgery and sample collection was 5.1 weeks (range: 0.7-13.7 weeks). Overall, CTC were detected in 42 of 144 patients (29%). No significant association was observed for sex, age and smoking history (supplementary Table S2 , available at Annals of Oncology online). Higher frequency of CTC+ cases was observed for OPC located at the tonsil or base of tongue which-in line with results from several studies-comprised the sites with the highest incidence of HPV-driven carcinomas in our cohort. Indeed, p16 IHC staining as surrogate marker for HPV (available for 90 patients) revealed 56% versus 15% of p16+ cases in OPC versus non-OPC (P = 0.00006) and 66% versus 15% of p16+ cases in carcinomas at the tonsil/base of tongue versus any other site (P = 0.000004). However, direct correlation of CTC detection with p16 IHC did not reveal any significant association (supplementary Table S2 , available at Annals of Oncology online). We observed a trend for increased frequency of CTC+ cases in patients with nodal involvement compared with patients without lymph node metastasis but no correlation with T stage (supplementary Table S2 , available at Annals of Oncology online). CTC were not detected more frequently after R1 resection or in ECE+ cases.
correlation of CTC with DFS and OS after adjuvant (chemo)radiation
Median follow-up for OS was 34 months, during which 34 patients (23.6%) died. OS was reduced in patients who were either current smokers, had high pT stage, presented with a carcinoma located at a site other than the oropharynx, an HPVnegative carcinoma or were classified according to pathological risk factors as 'high-risk' and received adjuvant chemoradiation (supplementary Table S3 , available at Annals of Oncology online). Overall, persistence of CTC after tumor resection did not influence OS after adjuvant (chemo)radiation [hazard ratio (HR) 1.0, 95% confidence interval (CI) 0.5-2.2, P = 0.91].
Median follow-up for DFS was 25 months. Tumor recurrence and/or distant progression were observed in 29 patients (20.1%): 17 patients (11.8%) had a local or regional relapse, 10 patients (6.9%) developed distant metastases without any evidence of locoregional recurrence and 5 patients (3.5%) showed both locoregional and distant progression. In univariate analysis, smoking status, tumor site (oropharynx versus other) and HPV status were identified as prognostic factors for DFS (supplementary Table S3, available 
differential prognostic role of CTC in OPC versus non-OPC
Since we observed a difference in the frequency of CTC in OPC versus non-OPC, we assessed whether their prognostic value differed according to the tumor site as well. Patients were stratified into four groups based on tumor site (OPC versus non-OPC) and CTC detection (CTC+ versus CTC−). Analysis of DFS ( Figure 1A , separate analysis of locoregional and distant DFS shown in supplementary Figure S1 , available at Annals of Oncology online) and OS ( Figure 1B ) revealed an opposite relationship between CTC and outcome according to tumor site: while in non-OPC detection of CTC was significantly associated with shorter DFS [CTC+ versus CTC− (% of patients without evidence of disease at 2 years): 29% versus 75%, log rank: P = 0.001], the reverse was observed per trend for OPC (CTC+ versus CTC−: 100% versus 79%, log rank: P = 0.059). Accordingly, persistence of CTC after tumor surgery was significantly correlated with reduced OS in the group of non-OPC [CTC+ versus CTC− (% of patients alive at 2 years): 36% versus 67%, log rank: P = 0.016] whereas the reverse association was observed for OPC (CTC+ versus CTC−: 100% versus 87%, log rank: P = 0.042).
interaction of surgical margins, ECE or CTC status with tumor progression
Given the opposite association of CTC with outcome in OPC versus non-OPC, we next evaluated whether R status and ECE interacted in a distinct manner according to tumor site as well.
Patients were stratified into four groups based on tumor site (OPC versus non-OPC) and R status (R1 versus R0, Figure 2A ) or ECE (ECE+ versus ECE−, Figure 2B ), respectively. R1 resection was associated with prolonged DFS in OPC and no single event was observed in this patient subgroup. In contrast, R1 was negatively associated with DFS in non-OPC, with 2-year DFS rates of 33% and 74% for patients with R1 and R0 resection, respectively ( Figure 2A ). The differences in DFS were smaller when ECE was used for group stratification. However, the highrisk feature ECE seemed again positively associated with DFS in OPC whereas no influence was observed for non-OPC ( Figure 2B ). Detection of CTC after tumor resection was independent of R status or ECE and could thus represent an independent marker for minimal residual disease (MRD). We therefore investigated whether the combination of all three markers might be superior for risk assessment than each marker alone. Patients were stratified into three groups defined by (i) the absence of any risk factor, (ii) the presence of CTC or pathological risk factor(s) and (iii) the presence of both CTC and pathological risk factor(s). Again, a clear difference was observed for OPC versus non-OPC: MRD negativity defined by absence of any risk factor was significantly associated with shorter DFS in OPC ( Figure 2C , log rank: P = 0.005) whereas no significant difference was observed between the two other OPC patient subgroups. In contrast, MRD positivity defined by either risk factor alone did not significantly influence outcome in non-OPC. However, the presence of residual local (R1) and/or regional disease (ECE+) together with systemic spread (CTC+) was significantly associated with poor outcome, with no evidence of disease in only 13% of patients compared with 72% of patients presenting without any or only one of these risk parameters ( Figure 2D , log rank: P = 0.013). In multivariate analysis, CTC detection in non-OPC remained an independent prognostic factor of OS and DFS ( Table 1 ). The Cox model for calculation of hazard ratios (HRs) could not be applied to the group of OPC since no event was observed in the CTC+ group.
discussion
Here, we confirm the recently reported poor prognostic value of CTC in non-OPC [9] . In this former study, the frequency of CTC detection in tumors of the oral cavity was only 12.5% which is considerably lower than the rate observed in our study. This could be simply due to differences in inclusion criteria: indeed, while we excluded patients with UICC stage I-II disease, 32 of 90 patients (36%) had stage I-II disease in the study of Grobe et al. [9] . Alternatively, CTC detection by PCR amplification of tumor-associated antigens might be more sensitive than single-cell-based detection of tumor cells expressing epithelial markers [2] . Our previous comparative analysis of PCR versus flow cytometry for detection of CTC in SCCHN [7] speaks against large differences between the two techniques. However, this comparison was carried out in the definitive setting for which limitations in sensitivity might be less relevant than in were stratified into three groups defined by the absence of any risk factor (group #1), the presence of CTC or the indicated pathological risk factor(s) (group #2) or the presence of both CTC and pathological risk factor(s) (group #3). Kaplan-Meier curves for DFS of patient subgroups are presented. P values from comparison of groups using the log-rank test are given. the adjuvant setting, taking into account the reducing effect of tumor surgery on CTC frequency [11] . It is still a matter of debate whether CTC are representing vital tumor cells or whether they just reflect shedding of apoptotic tumor cells. Indeed, signs of apoptosis were detected in a proportion of CTC in prostate [12] and breast cancer [13] . Although the method used in our study did not allow discrimination between vital and apoptotic tumor cells, the fact that these cells could be detected up to 7 weeks after tumor surgery strongly argues against them being passively shed dying cells. Rapid clearance of apoptotic cells by phagocytes [14] would preclude their detection after such a long period of time.
Besides confirming previous data in non-OPC, we show here for the first time that CTC represent an independent risk factor for tumor progression beside pathological risk factors. Despite risk-adjusted adjuvant treatment, R1 resection remained a risk factor for tumor progression in non-OPC. Importantly, the prognostic value of surgical margins was significantly influenced by the CTC status and dismal outcome was observed only in non-OPC patients who presented after R1 resection with CTC. In the majority of cases, we observed locoregional but not distant tumor progression. If a causal relationship between CTC and locoregional relapse exists, re-seeding of CTC to the primary tumor site has to be considered. In support of this assumption, re-infiltration of CTC at the primary site was previously demonstrated in xenograft models of breast and colon cancer [15] . In these models, self-seeding was stimulated by tumor-derived cytokines acting as CTC attractants into the original tumor bed [15] . It is tempting to speculate that residual tumor cells at surgical margins could facilitate re-seeding of CTC which would explain the significant interaction of CTC with the prognostic value of the R status.
The prognostic impact of CTC was independent of the type of adjuvant treatment. Beside local radiosensitizing effects, concurrent chemotherapy should act systemically and target tumor cells in peripheral blood as well. However, recent studies have shown that adjuvant chemotherapy cannot eliminate CTC [16] , probably because of their nonproliferating dormant state [17] . In contrast, chemotherapy-resistant CTC were efficiently eliminated by Her2 blockade, thereby significantly reducing the risk of relapse in early breast cancer [18] . In line with a failure of chemotherapy in inhibiting CTC, we previously observed persistence of CTC expressing activated EGFR after concurrent chemoradiation whereas their frequency was significantly reduced when radiotherapy was combined with cetuximab [8] .
A further important finding of our study was that MRD defined by detection of CTC, positive margins and/or ECE was not associated with poor prognosis in OPC but seemed to identify patients with reduced risk of progression. Certainly, larger patient cohorts have to be analyzed to validate this unexpected finding. It has been argued that the favorable prognosis of HPVassociated OPC may at least partly be due to T-cell-mediated immunity against viral antigens [19] . Although information on the HPV status was not available for all cases in our study, the incidence of HPV-driven carcinomas in OPC cases with known HPV status was high, indicating that >55% of OPC should express viral antigens. It is also known that T-cell memory which is induced by chronic antigen exposure in the course of persistent viral infection or cancer is more susceptible to functional exhaustion [20] and long-lasting protective immunity does not develop under these conditions. Mounting evidence indicates that radiotherapy can interfere with the immune system by induction of so-called danger signals, thereby reverting some of these immunosuppressive barriers [21] . Since OPC seem to represent more immunogenic carcinomas than non-OPC surgical resection of the immunosuppressive bulk tumor followed by irradiation of residual tumor cells at surgical margins and/or re-seeded CTC could potentially provide immunogenic stimulation and support the establishment of a protective long-lasting immunity.
In conclusion, we established postoperative detection of CTC by nested RT-PCR of EGFR transcripts as independent prognostic 'liquid' biomarker in non-OPC. Introduction of EGFRtargeting drugs in adjuvant radiotherapy regimens based on CTC detection might prove useful for treatment optimization in this scenario. The implication of the good prognostic value of CTC in OPC-assuming successful validation of our findings in future larger trials-for novel therapeutic strategies in HPVdriven OPC remains to be determined. 
